Experimental data have shown that combustor temperature non-uniformities can lead to the excessive heating of first-stage rotor blades in turbines. This heating of the rotor blades can lead to thermal fatigue and degrade turbine performance. The results of recent studies have shown that variations in the circumferential location (clocking) of the hot streak relative to the first-stage vane airfoils can be used to minimize the adverse effects of the hot streak. The effects of the hot streak/airfoil count ratio on the heating patterns of turbine airfoils have also been evaluated. In the present investigation, three-dimensional unsteady Navier-Stokes simulations have been performed for a single-stage high-pressure turbine operating in high subsonic flow. In addition to a simulation of the baseline turbine, simulations have been performed for circular and elliptical hot streaks of varying sizes in an eifort to represent different combustor designs. The predicted results for the baseline simulation show good agreement with the available experimental data. The results of the hot streak simulations indicate: that a) elliptical hot streaks mix more rapidly than circular hot streaks, b) for small hot streak surface area the average rotor temperature is not a strong function of hot streak temperature ratio or shape, and c) hot streaks with larger surface area interact with the secondary flows at the rotor hub endwall, generating an additional high temperature region.
Introduction
Turbine inlet temperature is one of the critical parameters affecting engine operation. Thermal fatigue of vanes and blades is further exacerbated by temperature non-uniformities (hot streaks). The migration of hot streaks through turbines has been simulated by many researchers including Krouthen and Giles (1990) , Rai and Dring (1990) , Ni (1990,1991) , Dorney et al. (1992 Dorney et al. ( , 1993 Dorney et al. ( , 1996 , and Shang et al. (1996) . For an extensive survey of research into hot streaks, see Dorney et al. (1999) . While these numerical simulations have produced significant insights into the mechanisms controlling hot streak migration, there is still a significant amount of research needed to formulate design criteria for minimizing the adverse effects of hot streaks. Most simulations have been performed at low-speed conditions, but additional physics (e.g., compressibility, more extensive secondary flows, larger temperature gradients, etc.) come into play at actual operating conditions.
Some of the earliest experimental investigations of hot streaks were performed on a high-speed turbine by researchers at NASA Glenn Research
Center (Whitney et al., 1980; Schwab et al., 1983; Stabe et al., 1984) . The goal of these experiments was to study the effects of typical nonuniform inlet radial temperature profiles on the performance of axial turbines. The inlet radial temperature profile in the experiment was produced using a Combustor Exit Radial Temperature Simulator (CERTS) inlet which injected cool air through circumferential slots in the hub and tip endwalls upstream of the vane. In addition to a total temperature profile, a total pressure profile was generated using the CERTS inlet.
The focus of the present effort has been to study the effects of hot streak shape on the heating of first-stage turbine rotors. The goal of the work is to identify hot streak shapes {i.e., combustor designs) which minimize rotor temperatures. The NASA CERTS geometry was chosen as the test article for the current simulations because the flow conditions are representative of an actual engine environment.
Previous research efforts have focused on circular hot streaks (e.g., Takahashi et al, 1990; Dorney et al., 1992) to be consistent with the experiments of Butler et al. (1989) . Actual engines, however, tend to contain hot streaks which are more elliptical in nature (Suo, 1985) . Therefore, simulations have been performed using three different sizes for a circular hot streak superimposed on the CERTS profile, as well as for two different sizes of an elliptical hot streak superimposed on the CERTS profile. Time-averaged and unsteady temperature data have been analyzed, and comparisons made with available experimental data.
Numerical Method
The governing equations considered in this study are the time dependent, three-dimensional Reynoldsaveraged Navier-Stokes equations. The viscous fluxes are simplified by incorporating the thin layer assumption (Baldwin and Lomax, 1978 ). In the current study, viscous terms are retained in the direction normal to the hub and shroud surfaces, and Further details on the numerical procedure can be found in Dorney et al. (1992 Dorney et al. ( , 1993 Dorney et al. ( , 1995 and Rai (1987) .
Boundary Conditions}
The theory of characteristics is used to determine the boundary conditions at the inlet and exit of the where T hs is the temperature within the hot streak and T m is the temperature of the undisturbed inlet flow. The static and total pressure within the hot streak are assumed to be equal to that of the undisturbed inlet flow (Butler et al., 1989) 
Geometry and Grid
The CERTS test turbine was a 0.767 scale rig modeling the first stage of a two-stage core turbine designed for a modern high bypass ratio engine. The design criteria for the model were to accommodate the high-work, low flow characteristics for this type of turbine and achieve a subsonic design with reasonable blade height. The vane has a constant section (untwisted), and was designed for a constant exit flow angle of 75° from axial. The rotor leading edge was designed to accept the vane exit flow with either zero or small negative incidence. The rotor exit was designed for free vortex flow. The design conditions for the turbine are shown in Table 1 . The inlet radial temperature profile in the experiments was produced using the CERTS inlet which injected cool air through circumferential slots in the hub and tip endwalls upstream of the vane (see Fig. 1 ). In addition to a total temperature profile, a total pressure profile was generated using the CERTS inlet (see Fig. 2 ). The ratio of the maximum total temperature to the average total temperature was approximately 1.05, and the ratio of (Schwab et al., 1983) .
A total of six computations have been performed in this investigation. In the first simulation (designated Nl) the baseline CERTS flow Table 2 CERTS total temperature profile (Schwab etal., 1983) . 
Numerical Results
The Mach number at the inlet to the vane is approximately 0.14 and the inlet flow is assumed to be axial. The rotor rotational speed was 11,373 rpm.
The free stream Reynolds number was 197,000 based on the rotor axial chord. A pressure ratio of /ΥΛι =0.385 was calculated from the experimental data based on the mid-span inlet total pressure and the static pressure in the rotor trailing edge plane.
Case N1 -CERTS Only
Figures 8 to 10 show comparisons between the predicted and experimental time-averaged critical velocity ratio distributions, where the critical velocity ratio is defined as
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(2) 660. data. The experimentally determined time-averaged efficiency for this turbine was η=0.883, while the predicted value was η=0.886, where the efficiency is determined as:
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Cases with CERTS and Circular Hot Streak
Although the experimental study using the CERTS contained a radial temperature profile, discrete circular hot streaks were added at the inlet to the turbine to represent a more realistic engine temperature distribution. respectively. Note, the average profiles include both vane passages. The profile at the vane inlet reflects the differences in the relative size of the hot streaks.
As the hot streak is convected through the vane passage the location of the peak temperature moves radially from 40% span to approximately 50% span (see Fig. 22 ). The radial movement of the hot streak is probably enhanced by the hub secondary flows, which extend to nearly 20% of the span. In addition, as the size of the hot streak is increased the temperature near the hub endwall increases dramatically. The hot streak is mixed out by the time the flow exits the rotor passage, although the profiles •-ci --C2 C3
--N1 to those for the circular hot streaks. As the area increases, however, the average temperature of the rotor increases more rapidly for the elliptical hot streaks. This behavior is caused by the elliptical hot streaks having a greater temperature ratio than the circular hot streaks (see Table 2 ).
Figures 32 to 34 show radial profiles of the time-averaged absolute total temperature at the inlet of the vane, the exit of the vane and exit of the rotor, respectively. The relatively high temperature of the As discussed above, the origin of the flow angle deficit is the strong rotor endwall secondary flows (e.g., Fig. 30) . Therefore, the hot streak is affecting the strength of the secondary flows (which can be observed by comparing Figs. 30 and 31 ).
Conclusions
A series of three-dimensional unsteady Navier- • Elliptical hot streaks tend to mix out more rapidly than circular hot streaks, in part because of increased surface area exposed to the cooler surrounding fluid.
• For small hot streak surface area the average rotor surface temperature is not a strong function of hot streak temperature ratio or shape.
• The rate of change of the blade surface temperature with the area enclosed by the hot streak is larger than linear for a fixed hot streak temperature ratio.
• Hot streaks with larger surface area interact with the secondary flows at the rotor hub endwall, generating an additional high temperature region.
